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Solar energy is one of the clean and renewable energies on earth. To meet the demand for energy, 
solar cells have been introduced in large scales to convert solar energy into electricity by the 
photovoltaic (PV) effect. Up to now, silicon (Si) solar cells dominate the whole commercial solar cell 
market due to the abundant resource, nontoxicity, and high efficiency. However, conventional Si solar 
cells require high diffusion temperature for p-n junction formation and complex manufacturing 
processes. Recently, heterojunction Si solar cells have attracted great interest owing to the promise of 
room temperature manufacturing and solution processing capabilities. Usually, the heterojunction 
consists of n-type Si and p-type materials or p-type Si and n-type materials, which enables the selective 
collection of photo-generated holes and electrons at two spatially separated terminals. Solution-based 
heterojunctions of n-type Si and p-type materials have been extensively studied. High power 
conversion efficiency (PCE) of 17% has been reported for carbon nanotubes (CNTs)/n-Si 
heterojunction solar cells but for a cell as small as 0.785 mm2; stability has not been examined well. To 
compete with the conventional Si solar cells with PCE of 20.4% for modules as large as 1.6 m2 and 
stability for 20 years, it is essential to improve PCE, cell size, and stability using simple fabrication 
processes. 
In this study, Si solar cells based on the heterojunction of n-type Si wafer with p-type CNTs were 
studied. First, a quick process was developed for passivation of the Si surface that significantly 
improved the power conversion efficiency (PCE) of the Si cell with the heterojunction with 
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS). However, PEDOT:PSS has a 
poor stability, thus the p-CNT/n-Si heterojunction was studied next. PSS was found effective in 
promoting the dispersion and doping of CNTs. Just by dispersion of CNTs in PSS aqueous solution and 
filtration, highly conductive and stable transparent conductive film of CNT-PSS was obtained. Finally, 
the CNT-PSS/n-Si cell was fabricated by simply attaching the film onto the Si wafer. With the aid of 
the antireflective coating (ARC) layer of Nafion, the CNT-PSS/n-Si cell achieved a high PCE (~14%) 
and stability. The cell was fabricated via facile processes that are compatible with scale up.  
Chapter 1 starts with the background of solar cells, including the conventional Si solar cells and 
the emerging heterojunction Si solar cells. Then it summarizes previous studies and recent 
achievements of the CNT/n-Si heterojunction solar cells. Compared with conventional Si solar cells, 
CNT/n-Si heterojunction solar cells still have lower efficiency, lower stability and smaller active area. 
Therefore, it is important to introduce existing technologies for high-performance heterojunction Si 
solar cells, including surface passivation, efficient doping, and ARC layer coating. The future goal is 
also introduced. Previously, rapid vapor deposition and in situ melt crystallization for 1 min fabrication 
of 10 μm-thick crystalline silicon film was achieved. The technologies including fabrication of Si films, 
surface passivation, fabrication of high-quality CNT films, heterojunction formation, and coating of 
ARC layer will be combined toward very low-cost heterojunction solar cells with acceptable 
performance. 
Chapter 2 focuses on the surface passivation of Si for heterojunction solar cells. Surface 
passivation has been investigated well for the conventional Si solar cells but overlooked in 
heterojunction Si solar cells. For the heterojunction Si solar cells, a few groups studied the passivation 
via exposure to the ambient atmosphere or chemical oxidation, but these methods are sensitive to the 
environment. To achieve high-quality surface passivation, a quick annealing process was examined. 
n-Si wafer without the native oxide layer was set in a vacuum chamber, then annealed by heating at 
~400 °C/min to a target temperature of 400–800 °C, holding it at the temperature for a target time of 





the passivated n-Si wafer. Quick annealing in vacuum for 1 min at 550 °C was optimal; yielding a thin 
and dense oxide layer on n-Si surface and the PEDOT:PSS/n-Si cell with an improved PCE of 12.9%, 
which was 1.38-times higher than that of the cell without passivation. Then the passivated n-Si 
substrate was integrated into the CNT/n-Si cell, and a similar improvement in PCE (1.29 times) was 
achieved compared with the CNT/n-Si cell without passivation. Finally, the stability test was 
performed. When the cells are kept in ambient air without any protective coatings, PEDOT:PSS/n-Si 
solar cell showed a PCE degrading from ~12.6% to ~5.1% after ~1000 h. While CNT/n-Si solar cells 
show better stability with PCE changing slightly from ~8.5% to ~7.0% after ~1000 h. These results 
show that the quick annealing process is effective in passivating the Si surface, suppressing the carrier 
recombination, and improving the performance of heterojunction solar cells. But high-quality p-type 
material is needed to improve the performance and stability. 
Chapter 3 is on the high-quality p-type CNT film via dispersion and doping of CNTs using PSS 
acid. For the p-type films, PEDOT:PSS and CNTs are the two most common materials used in forming 
heterojunction with Si. PEDOT:PSS/n-Si heterojunction is unstable due to the agglomeration of the 
PEDOT network upon absorption of moisture in air. While the CNT network is much more stable, and 
therefore, the CNT network instead of the PEDOT network was combined with PSS acid. CNTs were 
dispersed in aqueous solution of PSS acid via sonication, centrifuged, and the supernatant was used to 
fabricate the CNT transparent conductive films (CNT-TCFs) via vacuum filtration. The optimized 
CNT-TCFs showed a low sheet resistance of 115 Ω/sq at an optical transmittance of 90%. Moreover, 
PSS provided a strong and stable doping effect, which shows great potential in energy devices. Then 
CNT-TCFs with PSS doping was integrated into the heterojunction Si solar cell. The CNT/n-Si cell 
showed a superior PV performance with PCE of 11.7% with PSS-doping, which is 1.52-times higher 
than that of the cell without PSS doping. The work function of the CNT-TCFs increased from 4.47 eV 
to 4.82 eV after doping with PSS. The increased work function induced spontaneous electron transfer 
from the CNTs to the n-Si, which promotes the collection of carriers and results in higher efficiency. 
The stability was investigated by storing the solar cell in ambient air. The PCE decreased slightly from 
11.4% to 9.9% after 1000 h. Therefore, PSS acid could provide an efficient and stable doping effect on 
CNTs in the CNT-Si heterojunction solar cells. 
Chapter 4 reports the ARC layer used for heterojunction Si solar cells. In chapter 3, PSS doping 
greatly enhanced the performance of the CNT/n-Si solar cells, however, the PCE was still hindered by 
the low short circuit current density (Jsc) due to the significant light reflection. The CNT-TCF is too 
thin (a few tens nanometers) for ARC, thus additional layer was investigated. Poly(methyl methacrylate) 
(PMMA) and Nafion are the two most common ARC materials used in the heterojunction Si solar cells. 
The effect of the PMMA and Nafion coatings on the reflectance of the CNT/n-Si substrate was 
investigated first. In the visible range, the layer of both PMMA and Nafion reduced the reflectance 
significantly. Thus, PMMA and Nafion coatings are supposed to enhance the light absorption over a 
range of the solar spectrum. Then PMMA or Nafion was spin-coated on the CNT/n-Si heterojunction 
solar cells. The active area of the solar cells with PMMA or Nafion coating shows darker color, 
indicating the enhanced light trapping by the ARC layer. J-V curves show an increase of Jsc from 27.3 
to 33.7 and 34.5 mA/cm2 with PMMA and Nafion layer, respectively. PCE was further improved from 
11.7% to 13.0% and 14.1%, respectively. The ARC layer made simply by coating of PMMA or Nafion 
proved effective in enhancing the performance and stability of the CNT/n-Si heterojunction solar cells. 
However, the active area of all CNT/n-Si solar cells in this study is only 3.14 mm2, which is too small 





the Si layer for active layer in this work, which is unsuitable for low-cost large-scale fabrication. 
Perspectives toward enlarging the scale via simple processes are discussed.  
Chapter 5 summarizes the conclusions and future work. This study discussed the fabrication 
process and device performance of the p-CNT/n-Si heterojunction solar cells. The heterojunction was 
formed by simply attaching p-CNT films onto n-Si wafers. Surface passivation for Si was achieved via 
a quick annealing process, and a high-quality CNT-TCF with PSS doping was obtained via the 
dispersion-filtration process. Moreover, Nafion as ARC layer significantly reduced the reflectance and 
enhanced the solar cell performance, realizing the CNT/n-Si heterojunction solar cell with a PCE of 
14.1%. However, the active area was as small as 3.14 mm2, that must be enlarged such by introducing 
bar electrodes on top of the solar cell. The individual processes developed in this work are compatible 
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